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Tubular  carbon  nanofibers  with  an  average  diameter  of  150  nm  are  investigated  as  a  possible  material 
for  the  electrodes  preparation  for  polymer  electrolyte  membrane  fuel  cells.  Well-dispersed  platinum 
particles  with  an  average  crystallite  size  of  4.6  nm  are  deposited  on  surface-oxidised  fibers  to  be  used  as  a 
catalyst  support  with  an  electroless  plating  method.  The  carbon  nanofiber-based  electrodes  are  prepared 
by  a  sedimentation  method  without  the  use  of  organic  solvents.  This  method  allows  an  exact  setting 
of  the  fiber  and  binder  content  and  the  catalyst  loading.  The  electrodes  are  optimised  by  varying  the 
thickness  of  the  gas  diffusion  layer  and  its  binder  content  as  well  as  the  thickness  of  the  active  layer. 
These  optimised  electrodes  show  a  considerably  better  performance  when  compared  to  carbon  black- 
based  electrodes  with  the  same  catalyst  loading  prepared  by  a  spraying  process  using  the  same  type  and 
amount  of  electrolyte  in  the  membrane  electrode  assembly.  By  reducing  the  platinum  content  from  0.7 
to  0.2  mgcnrr2,  catalyst  utilisation  is  significantly  increased. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  have  attracted  much  attention  for  their  potential  as 
clean  power  sources.  Usually,  carbon  black  is  used  as  low  tem¬ 
perature  fuel  cell  electrode  material,  but  carbon  nanofibers  (CNFs) 
with  different  structures  have  also  already  been  used  or  consid¬ 
ered  for  use  as  alternative  electrode  material  in  polymer  electrolyte 
membrane  fuel  cells  (PEMFCs)  [1-11],  direct  methanol  fuel  cells 
(DMFCs)  [12-26],  alkaline  fuel  cells  (AFCs)  [27,28]  and  even  in 
direct  ethanol  fuel  cells  [29].  The  deposition  of  the  catalyst  metal 
on  the  CNFs,  mostly  platinum  or  its  alloys,  is  associated  with  the 
studies  concerning  fuel  cell  applications  but  it  is  also  an  indepen¬ 
dent  research  subject.  The  research  activities  achieved  excellent 
results  with  impregnation  methods  and  the  reduction  of  metal 
salts  with  hydrogen  [5-7,14,15,30-33]  or  thermal  treatment  [30], 
sputtering  [23],  electrochemical  metal  plating  on  CNF  electrodes 
[19]  as  well  as  the  use  of  reducing  agents  like  ethylene  glycol 
[3-5,16-18,21,26,34-36],  NaBH4  [2,27]  and  others  [7,17].  In  these 
studies,  different  kinds  of  CNFs  were  investigated.  Most  of  them 
describe  the  use  of  carbon  nanotubes,  which  occupy  a  relevant 
position  due  to  their  perfect  structure  and  unique  mechanical 
and  electrical  properties,  but  other  kinds  of  CNFs  with  a  different 
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structure,  diameter  and  aspect  of  the  carbon  particles  have  also 
been  used  for  fuel  cell  applications  [2,6,7,13-15,26,37].  The  bene¬ 
fits  which  are  expected  from  the  application  of  CNFs  in  the  active 
layer  and/or  in  the  gas  diffusion  layer  of  fuel  cell  electrodes  are  a 
higher  thermal  and  electrical  conductivity,  better  mechanical  prop¬ 
erties,  and  a  higher  electrochemical  and  chemical  stability  of  the 
electrodes  under  fuel  cell  operating  conditions.  Furthermore,  the 
structure  of  the  CNFs  influences  catalyst  utilization,  the  gas  diffu¬ 
sion  and  the  wetting  behaviour  of  the  electrolyte.  The  electrode 
preparation  methods  commonly  used  for  spherical,  carbon  black 
material  are  also  suitable  for  CNF  material,  even  though  process 
parameters  have  to  be  adapted.  CNF  electrodes  have  been  fabricated 
mostly  by  spraying  [3,7,17]  and  brushing  [2,8,30,38],  but  also  by 
rolling  [27],  sedimentation  [28],  electrophoresis  [19]  and  chemical 
vapour  deposition  methods  [23]. 

Previously,  tubular  CNFs  with  an  average  diameter  of  150  nm 
were  successively  used  in  cathodes  for  AFCs  [27,28].  The  aim  of  this 
work  was  to  use  these  tubular  CNFs  as  PEMFC  electrode  and  catalyst 
support  material  and  to  optimise  the  electrodes  for  this  application. 
Therefore,  the  influence  of  the  thickness  of  the  gas  diffusion  layer 
and  the  active  layer  as  well  as  the  influence  of  the  binder  content 
of  the  gas  diffusion  layer  on  the  CNF  electrode  performance  was 
investigated.  In  a  following  step,  the  catalyst  loading  of  the  elec¬ 
trodes  was  optimised  to  reach  a  maximum  platinum  utilisation. 
The  electrodes  were  prepared  by  a  sedimentation  process.  A  com¬ 
parison  between  carbon  black  and  CNFs  as  catalyst  support  and  gas 
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diffusion  media  was  carried  out  with  carbon  black-based  sprayed 
electrodes. 

2.  Experimental 

2  A.  CNF  purification  and  platinum  deposition 

The  purification  step  of  raw  tubular  CNFs  (HTF150FF-LHT,  Elec- 
trovac  AG,  Austria)  with  an  average  diameter  of  150  nm  was 
performed  in  a  mixture  of  concentrated  nitric  acid  (65%  vol.)  and 
sulphuric  acid  (98%  vol.)  at  a  ratio  of  3:2  (0.25  g  CNFs  per  100  ml) 
under  refluxing  conditions  for  10  h  [28].  Purified  CNFs  were  dis¬ 
persed  in  distilled  water  with  an  ultrasonic  processor  for  further 
treatment.  Platinum  deposition  was  carried  out  with  the  reduc¬ 
tion  of  the  required  amount  of  F^PtClg  (aqueous  solution,  10  g  1_1 ), 
added  within  5  s  under  vigorous  stirring  to  an  alkaline  CNF  disper¬ 
sion  (0.25  g  CNFs  per  100  ml),  which  contained  dissolved  NaBH4 
in  excess  (10  mg  NaBH4  per  1  mg  Pt).  The  reaction  was  carried  out 
under  stirring  at  3  °C  for  48  h.  A  pFI-value  of  12  was  adjusted  with 
NH4OH.  After  the  reduction,  the  product  was  filtered,  washed  with 
distilled  water  and  dried  at  100  °C  for  12  h  [28].  The  platinum  load¬ 
ing  was  varied  from  3.3  up  to  24wt%,  depending  on  the  required 
thickness  and  platinum  loading  of  the  electrode,  and  was  adjusted 
with  the  amount  of  F^PtClg  and  controlled  by  weighting. 

Platinum  crystallite  size  was  examined  on  CNFs  loaded  with 
17wt%  platinum  with  X-ray  diffraction  (XRD,  Philips  PW3710,  Cu 
anode).  Furthermore,  the  platinum  particles  deposited  on  CNF  sur¬ 
faces  were  examined  with  scanning  electron  microscopy  (SEM, 
ZEISS  DSM  982  Gemini  and  JEOLJWS-7515)  and  transmission  elec¬ 
tron  microscopy  (TEM,  Philips  CM12). 

2.2.  Electrode  and  MEA  preparation 

For  the  preparation  of  CNF-based  electrodes,  a  sedimentation 
process  already  used  for  AFC  cathodes  in  our  previous  work  [28] 
was  chosen.  This  fast  and  simple  process  enabled  the  production 
of  highly-reproducible  gas  diffusion  layers  (GDLs)  and  active 
layers  (ALs)  without  the  use  of  organic  solvents.  As  a  binder  and 
hydrophobic  agent,  polytetrafluorethylene  (PTFE)  was  used.  To  fab¬ 
ricate  the  GDL,  the  required  amount  of  CNFs  and  PTFE  (Dyneon™, 
TF  5035  PTFE)  was  dispersed  in  distilled  water.  As  a  support,  a 
fitting  piece  of  carbon  paper  (Sigracet  GD  Media  GDL  24  BA,  190  fxm 
thickness)  was  placed  on  a  frit  and  the  solid  components  of  the 
dispersion  were  sedimented  on  it.  The  AL  was  sedimented  on  the 
GDL  in  the  same  way,  using  platinum-loaded  CNFs  instead.  After 
a  sintering  step,  the  electrodes  were  wetted  on  the  AL  side  with  a 
33  wt%  of  Nation  electrolyte  in  respect  to  the  platinum-loaded  CNFs 
by  a  spraying  process  using  a  Nation  solution  (5wt%)  from  Fluka 
Chemika,  cut  into  pieces  and  pressed  with  fitting  pieces  of  Nil 5 
membranes  to  form  the  membrane  electrode  assemblies  (MEAs) 
at  120  °C  for3  min.  The  MEAs  were  inserted  into  a  fuel  cell  with  an 
active  area  of  5  cm2  and  serpentine  flow  field  channels  (channel 
width:  0.5  mm  at  the  anode  side  and  1.0  mm  at  the  cathode  side). 

The  optimisation  of  the  electrodes  was  carried  out  by  varying 
successively  the  thicknesses  of  the  AL  and  the  GDL  by  varying  the 
CNF  loading  as  well  as  the  GDL  binder  content.  In  our  previous  work, 
these  parameters  considerably  influenced  the  performance  of  AFC 
cathodes  [28].  The  platinum  loading  of  the  anode  and  the  cathode 
was  kept  constant  (0.7  mg  cm-2)  and  both  electrodes  of  each  MEA 
were  similar  in  design  in  these  optimisation  steps.  The  AL  binder 
content  was  kept  constant  and  as  low  as  possible  with  7  wt%  of 
the  CNFs,  because  the  added  solid  electrolyte  worked  as  an  addi¬ 
tional  binder  and  the  wetting  with  the  electrolyte  in  the  AL  is  not 
dependent  on  the  PTFE  content  as  it  is  in  the  case  of  a  liquid  elec¬ 
trolyte.  Table  1  shows  the  electrode  parameters  of  the  investigated 


MEAs.  Because  of  the  constant  platinum  content  of  the  electrodes, 
the  platinum  loading  of  the  CNFs  used  as  catalyst  support  had  to  be 
different  at  different  AL  thicknesses. 

After  the  optimisation  of  the  GDL  and  the  AL,  the  catalyst  load¬ 
ing  of  the  cathode  and  the  anode  was  reduced.  When  lowering 
the  platinum  loading  of  the  optimised  electrodes,  there  was  the 
option  of  either  keeping  the  platinum  loading  of  the  CNFs  as  a 
constant,  which  would  result  in  thinner  ALs,  or  keeping  the  CNF 
loading  of  the  AL  constant,  which  would  result  in  lower  platinum 
loadings  of  the  CNFs.  Three  different  MEAs  were  realised  with 
each  of  the  two  options;  the  platinum  loading  of  the  cathodes  was 
lowered  to  0.4  mg  cm-2  and  combined  with  anodes  with  0.4,  0.2 
and  0.1  mg  cm-2  platinum  (see  Table  2).  The  GDL  of  each  elec¬ 
trode  was  manufactured  with  an  optimal  CNF  and  binder  content 
(12.3  mg  cm-2  CNFs  and  21  wt%  PTFE).  The  performances  of  these 
MEAs  were  investigated  and  compared  to  the  MEA  with  a  catalyst 
loading  of  0.7  mg  cm-2. 

To  compare  the  CNFs  with  carbon  black  as  catalyst  support,  elec¬ 
trodes  consisting  of  carbon  black  with  0.7  mg  cm-2  platinum  were 
prepared  by  a  spraying  process  and  formed  to  an  MEA  using  a  N115 
membrane  and  the  same  amount  of  Nation  in  the  AL  as  used  in  the 
case  of  sedimented  CNF-based  electrodes.  The  GDL  was  prepared 
with  Vulcan  carbon  VC  XC  72  and  17  wt%  PTFE,  sprayed  on  the  same 
type  of  carbon  paper  used  in  the  sedimentation  process.  To  prepare 
the  AL,  a  carbon  black  catalyst  support  (20  wt%,  Quintech  C-20-PT) 
was  dispersed  in  the  required  amount  of  the  Nation  solution  and 
sprayed  on  the  GDL.  The  performance  of  this  MEA  was  compared 
to  the  optimised  MEAs  with  CNF-based  electrodes  with  different 
platinum  loadings. 

2.3.  Test  conditions 

The  gas  flows  of  hydrogen  and  air  or  oxygen  with  a  90%  relative 
humidity  and  ambient  pressure  were  controlled  with  stochiometric 
values  of  1.2  at  the  anode  and  2.2  at  the  cathode.  The  cell  temper¬ 
ature  was  70  °C.  MEAs  were  activated  at  0.6  and  0.4  V  (alternating, 
30  min  each)  for  4h  with  oxygen.  Polarisation  curves  and  cyclic 
voltammograms  (CVs)  were  recorded  with  a  Zahner  IM6ex  elec¬ 
trochemical  workstation  and  a  Zahner  PP240  potentiostat.  The  step 
rate  of  the  polarisation  curves  was  10mVs-1.  To  investigate  the 
specific  active  catalyst  surface  of  the  electrodes,  CVs  were  recorded 
between  0.03  and  1.4  V  with  a  step  rate  of  100  mV  s-1  and  four 
cycles  per  measurement,  whereas  the  electrode  was  fed  by  hydro¬ 
gen  (50  ml  min-1 )  and  the  other  electrode  of  the  MEA  by  nitrogen 
(50  ml  min-1). 

3.  Results  and  discussion 

3 A.  CNF  purification  and  platinum  deposition 

In  addition  to  the  removal  of  catalyst  metals  and  the  reduction  of 
non-fibrous  carbon  that  resulted  in  a  weight  loss  of  about  10%,  the 
CNF  purification  step  also  induced  oxygen-containing  functional 
groups  on  the  CNF  surfaces,  which  are  expected  to  lead  to  a  sig¬ 
nificantly  better  platinum  metal  deposition  [39,40].  Furthermore, 
acid-treated  CNFs  were  easier  to  disperse  in  water  without  the  use 
of  surfactants.  Flowever,  non-acid  treated  CNF  material  showed  a 
tendency  both  to  sedimentate  and  to  float  on  the  surface. 

With  the  results  of  the  XRD  analysis,  an  average  platinum  crys¬ 
tallite  size  of  4.6  nm  could  be  calculated  from  the  Pt  (2  2  0)  peak 
at  67.8°  2©  which  was  not  disturbed  by  the  graphite  signal  (see 
Fig.  1  and  Table  3).  Images  of  SEM  and  TEM  analyses  (Figs.  2  and  3; 
CNFs  loaded  with  19wt%  platinum  shown  as  an  example)  showed 
generally  well-distributed  platinum  particles  on  the  CNF  surface, 
although  a  partial  particles  agglomeration  could  be  observed.  This 
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Table  1 

Prepared  ME  As  with  sedimented  CNF-electrodes.  The  anode  and  the  cathode  of  each  MEA  are  similar  in  design  and  have  a  platinum  content  of  0.7  mg  cm-2. 


Table  2 

The  lowering  of  the  platinum  content  of  the  MEAs  was  carried  out  with  a  constant  CNF  loading  of  the  AL  or  a  constant  platinum  loading  of  the  CNFs  used  in  the  AL. 


agglomeration  increased  the  average  platinum  particle  size  to  about 
5-10  nm. 

3.2.  Electrode  and  MEA  preparation 


and  a  uniform  electrode  thickness  even  in  lab  scale.  Fig.  4  shows  an 
SEM  image  of  a  sedimented  electrode  in  an  outside-margin  posi¬ 
tion,  where  the  individual  layers  can  be  seen.  In  the  previous  study, 
it  had  been  observed  that  the  CNFs  and  the  binder  structured  a  spa- 


The  fast  and  simple  sedimentation  process  allowed  the  prepa¬ 
ration  of  a  thin  dispersion  of  the  CNF  material  and  the  binder.  This 
assured  a  very  good  distribution  of  the  electrode  components  and 
enabled  an  exact  setting  of  the  required  amount  of  CNFs  and  binder 


Fig.  1.  X-ray  diffraction  results  of  CNFs  loaded  with  17  wt%  platinum. 


Fig.  2.  SEM  image  of  CNFs  loaded  with  19  wt%  platinum. 
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Table  3 

X-ray  diffraction  data  of  CNFs  loaded  with  17  wt%  platinum. 
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Profile  widths  standard  0.100°  20. 


Fig.  3.  TEM  image  of  CNFs  loaded  with  19  wt%  platinum. 


cious  pore  system  in  the  electrode.  The  low  AL  binder  content  gave 
stability  without  covering  large  surface  areas  of  the  catalyst  support 
[28].  The  thicknesses  of  both  the  GDL  and  the  AL  were  controlled 
with  the  CNF  loading  per  cm2  that  was  in  the  range  between  20 
and  24  p,m  per  mg  cm-2  CNFs,  becoming  thicker  with  an  increas¬ 
ing  binder  content.  The  spraying  of  the  Nation  electrolyte  on  the 
AL  side  of  the  electrode  resulted  in  a  Nation  content  of  33  ±  5  wt%, 
which  should  result  in  an  optimum  loading  for  PEMFC  electrodes. 


Active  Layer 


Gas  Diffusion  Layer 


Fig.  4.  SEM  image  of  a  sedimented  CNF  electrode  in  an  outside-margin  position. 


Fig.  5.  Influence  of  the  GDL  binder  content  on  the  polarisation  curves  of  the  MEAs 
with  air  and  oxygen  (GDL:  6.6  mg  cm-2  CNFs,  AL:  3.5  mg  cm-2  CNFs). 


The  deviation  of  5  wt%  was  not  expected  to  significantly  influence 
the  performance  of  the  electrodes  [41  ]. 

3.3.  Influence  of  the  PTFE  content  of  the  GDL  on  MEA  performance 

The  binder  content  influences  the  structure  of  the  electrode  and 
the  wetting  behaviour  of  the  GDL  and  therefore  the  water  manage¬ 
ment  and  gas  diffusion.  To  investigate  the  influence  of  the  PTFE 
content  of  the  GDL  on  the  MEA  performance,  it  was  varied  by 
using  15,  21  and  30  wt%  of  the  CNF  loading.  This  variation  was  car¬ 
ried  out  on  electrodes  with  different  AL  thicknesses  (2.9,  3.5  and 
4.7  mg  cm-2  CNFs;  see  Table  1).  In  this  optimisation  step,  the  GDL 
thickness  was  kept  constant  at  6.6  mg  cm-2  CNFs.  Fig.  5  shows  the 
polarisation  curves  on  the  MEAs  with  a  CNF  content  of  the  AL  of 
3.5  mg  cm-2  as  an  example,  and  Fig.  6  shows  the  effect  of  the  binder 
content  on  the  maximum  power  density.  These  results  clearly 
showed  that  in  the  case  of  different  AL  thicknesses,  the  electrodes 
with  a  GDL  binder  content  of  21  wt%  showed  the  best  performance 
with  air  and  oxygen.  The  lowering  of  the  binder  content  down  to 
15  wt%  resulted  in  a  loss  of  performance,  especially  with  oxygen.  A 
possible  reason  for  this  may  be  that  the  larger  amount  of  product 
water  produced  with  oxygen  as  an  oxidant  could  not  be  sufficiently 
removed  because  of  the  low  hydrophobicity  of  the  GDL.  An  increase 
in  the  binder  content  up  to  30  wt%  often  resulted  in  a  performance 
limited  by  gas  diffusion,  indicating  a  suboptimal  pore  structure  of 
the  GDL. 

3.4.  Influence  of  the  AL  thickness  on  MEA  performance 

Considering  the  AL  thickness  controlled  by  the  CNF  loading, 
the  results  in  Fig.  6  show  that  the  MEAs  consisting  of  electrodes 
loaded  with  2.9  mg  cm-2  CNFs  in  the  AL  showed  a  better  perfor¬ 
mance  when  compared  to  those  with  thicker  ALs.  Therefore,  MEAs 
with  thinner  ALs  (2.5  and  2.2  mg  cm-2  CNFs;  see  Table  1)  were 
investigated.  The  polarisation  curves  of  the  MEAs  with  different  AL 
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Fig.  6.  Influence  of  the  GDL  binder  content  on  the  maximum  power  density  of  the 
MEAs  with  air  and  oxygen  (GDL:  6.6  mg  cm-2  CNFs). 


Fig.  8.  Influence  of  the  CNF  loading  of  the  AL  on  the  maximum  power  density  of  the 
MEAs  with  air  and  oxygen  (GDL:  6.6  mg  cm-2  CNFs). 
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Fig.  7.  Influence  of  the  CNF  loading  of  the  AL  on  the  polarisation  curves  of  the  MEAs 
with  oxygen  (GDL:  21  wt%  PTFE  and  6.6  mg  cm-2  CNFs). 


thicknesses  but  the  same  GDL  (6.6  mg  cm-2  CNFs  and  21  wt%  PTFE) 
are  shown  in  Fig.  7.  The  polarisation  curves  and  the  comparisons  in 
terms  of  maximum  power  densities  relative  to  the  MEAs  with  dif¬ 
ferent  AL  thicknesses  and  GDL  binder  contents  clearly  show  that 
the  MEAs  with  ALs  containing  2.9  mg  cm-2  CNF  performed  best 
when  compared  to  those  with  thicker  or  thinner  ALs  (see  Fig.  8). 
This  optimum  in  the  performance  could  be  caused  either  by  an 
ideal  platinum  loading  of  the  CNFs  or  by  an  ideal  electrode  thick¬ 
ness,  which  formed  an  optimal  reactive  zone.  These  two  possible 
explanations  for  an  optimum  AL  were  investigated  by  lowering  the 
catalyst  loading  of  the  electrodes. 

3.5.  Influence  of  the  GDL  thickness  on  MEA  performance 

The  GDL  thickness  was  optimised  by  varying  its  CNF  load¬ 
ing.  The  GDL  binder  content  (21  wt%  PTFE)  and  the  AL  thickness 
(2.9  mg  cm-2  CNFs)  were  kept  constant  (see  Table  1 ).  A  lowering  of 
the  GDL  thickness  from  6.6  to  4.6  mg  cm-2  CNFs  resulted  in  a  lower 
performance,  but  an  increase  up  to  12.3  mg  cm-2  CNFs  led  to  an 
improvement,  especially  at  higher  current  densities  (see  Fig.  9).  The 
ohmic  resistance  of  the  MEAs  was  not  significantly  influenced  by 
the  GDL  thickness.  Fig.  10  shows  a  linear  behaviour  of  the  maximum 
power  densities  of  the  MEAs  as  a  function  of  the  CNF  loading  of  their 
GDLs  within  an  experimental  error.  These  results  indicate  improved 


Fig.  9.  Influence  of  the  CNF  loading  of  the  GDL  on  the  polarisation  curves  of  the 
MEAs  with  oxygen  (GDL:  21  wt%  PTFE;  AL:  2.9  mg  cm-2  CNFs). 
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Fig.  10.  Influence  of  the  CNF  loading  of  the  GDL  on  the  maximum  power  density  of 
the  MEAs  with  air  and  oxygen  (GDL:  21  wt%  PTFE;  AL:  2.9  mg  cm-2  CNFs). 
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Fig.  11.  Influence  of  the  anode  platinum  loading  on  the  maximum  power  density 
of  CNF  based  MEAs  with  air  and  oxygen  (GDL:  21  wt%  PTFE,  12.3  mg  cm-2  CNFs;  AL: 
constant  platinum  loading  of  the  CNFs,  see  Table  2).  For  comparison,  the  maximum 
power  density  of  a  MEA  with  sprayed  Vulcan  carbon  (VC)  based  electrodes  is  shown. 


gas  and  water  management  in  thicker  GDLs.  Even  though  this  trend 
was  expected  to  continue,  a  further  increase  in  the  GDL  thickness 
was  not  investigated  because  the  sedimentation  process  could  no 
longer  ensure  a  uniform  GDL  thickness  at  higher  CNF  loadings. 

3.6.  Lowering  of  the  catalyst  loading  of  the  electrodes 

As  expected,  the  lowering  of  the  catalyst  loading  resulted  in  a 
lower  performance,  whereas  the  performance  loss  when  lowering 
the  anode  catalyst  loading  from  0.4  to  0.2  mg  cm-2  was  rather  mod¬ 
erate  in  both  cases  (constant  platinum  loading  of  the  CNFs  used  in 
the  AL  or  constant  CNF  loading  of  the  AL;  see  Table  2).  This  is  shown 
in  Fig.  11.  An  anode  catalyst  loading  of  0.1  mg  cm-2  led  to  a  rather 
high  performance  loss  because  of  the  low  platinum  loading  of  the 
CNFs  used  in  the  AL  (3.3  wt%)  or  because  of  the  small  amount  of 
platinum-loaded  CNFs  (0.41  mg  cm-2).  Furthermore,  the  difference 
in  the  performance  between  two  possibilities  of  lowering  the  cat¬ 
alyst  loading  was  relatively  small,  but  the  MEAs  with  a  constant 
platinum  loading  of  the  CNFs  showed  a  better  performance.  Polari¬ 
sation  curves  of  these  electrodes  with  oxygen  are  shown  in  Fig.  12. 
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Fig.  12.  Influence  of  the  lowering  of  the  platinum  content  on  the  polarisation  curves 
of  CNF  based  MEAs  with  oxygen  (GDL:  21  wt%  PTFE,  12.3  mg  cm-2  CNFs;  AL:  constant 
platinum  loading  of  the  CNFs,  see  Table  2).  For  comparison,  the  polarisation  curve 
of  a  MEA  with  sprayed  Vulcan  carbon  based  electrodes  is  shown. 


Fig.  13.  CVs  of  a  CNF  based  MEA  (GDL:  21  wt%  PTFE,  6.6mgcrrr2  CNFs;  AL: 
2.9  mg  cm-2  CNFs,  0.7  mg  cm-2  platinum). 


For  comparison,  the  polarisation  curve  and  the  maximum  power 
density  of  the  MEA  consisting  of  sprayed  Vulcan  carbon  electrodes 
is  shown  in  Figs.  11  and  12,  whereas  the  same  type  and  the  same 
amount  of  electrolyte  was  used  as  in  the  case  of  MEAs  with  CNF- 
based  electrodes.  These  results  showed  that  the  CNF-based  MEA 
with  the  same  catalyst  loading  clearly  performed  better,  especially 
at  higher  current  densities,  indicating  an  improved  gas  distribution 
in  the  CNF-based  electrodes. 

The  specific  active  catalyst  surface  of  the  anodes  of  these  MEAs 
was  calculated  from  the  CVs  using  the  following  equations: 


=  QrO.l 
QHfct 


(1) 


Qt  =  1  [  (id  -  h)dE  (2) 

VJdE 

where  Sact  [m2g-1]  is  the  specific  active  surface  of  the  platinum 
deposited  on  the  CNFs,  Qr  [Ccm-2]  is  the  total  charge  transfer 
density  in  the  hydrogen  adsorption/desorption  potential  region 
between  ~0.05  V  and  the  beginning  of  the  double  layer  region  at 
~0.45  V,  Qh  [210  x  10-6Ccm-2]  is  the  charge  density  of  platinum 
with  monolayer  adsorption  of  hydrogen,  and  /pt  [mg cm-2]  is  the 
specific  catalyst  loading  of  the  electrode.  Qj  is  calculated  by  the 
integration  of  the  CV  curves  in  the  adsorption/desorption  potential 
region  dE  [V],  where  v  is  the  scan  rate  [V s-1  ],  and  zd  [A cm-2]  and 
za  [A cm-2]  are  the  current  densities  of  desorption  and  adsorption 
[42]. 

Fig.  13  exemplifies  the  CVs  of  an  MEA  with  CNF-based  electrodes. 
The  CVs  of  the  cathodes  of  all  the  investigated  MEAs  showed  that 
one  of  the  two  hydrogen  adsorption  peaks  expected  to  be  observed 
clearly  was  significantly  smaller  than  this  peak  of  the  anode  CV, 
even  if  the  platinum  loading  of  the  anode  and  the  cathode  was 
the  same.  Therefore,  the  calculated  active  surface  of  the  cathode 
was  lower.  We  have  no  exact  explanation  for  this  observation;  it 
might  indicate  impurities  in  the  oxygen  or  in  the  synthetic  air,  or 
the  beginning  of  cathode  corrosion. 

The  specific  active  platinum  surfaces  of  the  anodes  in  Fig.  14 
showed  that  the  highest  utilisation  of  the  anode  catalyst  was 
reached  at  a  platinum  loading  of  between  0.2  and  0.4  mg  cm-2,  but 
not  at  the  high  platinum  loading  of  0.7  mg  cm-2,  even  though  the 
concerning  MEA  performed  better.  The  low  active  platinum  sur¬ 
face  of  one  of  the  anodes,  with  a  platinum  loading  of  0.4  mg  cm-2, 
was  supposed  to  be  an  outlier.  The  platinum  utilisation  of  the 
anodes  started  to  decrease  drastically  at  a  platinum  loading 
below  0.2  mg  cm-2.  The  difference  in  the  platinum  utilisation 
between  the  two  different  kinds  of  electrodes  at  the  same  plat¬ 
inum  loading  was  rather  small,  indicating  that  negative  effects 
on  the  performance  occur  when  lowering  the  AL  thickness  and 
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Fig.  14.  Influence  of  the  lowering  of  the  platinum  content  on  the  specific  active 
platinum  surfaces  of  the  anodes  (GDL:  21  wt%  PTFE,  12.3  mg  cm-2  CNFs;  AL:  see 
Table  2). 


when  lowering  the  platinum  loading  of  the  catalyst  support  as 
well. 

4.  Conclusions 

In  the  presented  work,  we  investigated  tubular  carbon 
nanofibers  with  an  average  diameter  of  150  nm  as  electrode  mate¬ 
rial  for  the  gas  diffusion  layer  and  the  catalyst  support  for  PEMFCs. 
Well-dispersed  platinum  particles  with  an  average  crystallite  size  of 
4.6  nm  and  an  average  particle  diameter  of  5-10  nm  were  deposited 
on  surface-oxidised  fibers  with  an  electroless  plating  method  in 
aqueous  media.  The  carbon  nanofiber-based  electrodes  were  pre¬ 
pared  by  a  time-efficient  and  simple  sedimentation  process,  which 
allowed  the  preparation  of  a  thin  dispersion  of  the  CNF  material 
and  binder.  This  assured  a  very  good  distribution  of  the  components 
and  enabled  an  exact  setting  of  the  required  amount  of  CNFs,  binder 
and  catalyst  support  and  a  uniform  electrode  thickness,  even  in  lab 
scale.  The  electrodes  were  optimised  by  varying  the  thickness  of  the 
gas  diffusion  layer  and  its  binder  content  as  well  as  the  thickness 
of  the  active  layer.  These  optimised  electrodes  performed  consid¬ 
erably  better  than  Vulcan  carbon  based  electrodes  with  the  same 
catalyst  loading  prepared  by  a  spraying  process  using  the  same  type 
and  amount  of  electrolyte  in  the  membrane  electrode  assembly.  By 
reducing  the  platinum  content  from  0.7  to  0.2  mg  cm-2,  catalyst 
utilisation  was  significantly  increased. 
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